ABSTRACT: Intertidal flat systems exhibit systematic temporal patterns of suspended particulate matter (SPM) and associated properties (particulate organic carbon, chlorophyll) with enhanced concentrations towards the current velocity maximum (CVM) and reduced concentrations towards slack water. It is unclear how these tidal patterns are reflected in organic matter processing by particleassociated (PA) and free-living (FL) heterotrophic bacteria. Therefore, we studied the abundance of PA and FL bacteria, bacterial biomass production (BP) and turnover of dissolved free amino acids (DFAA) during tidal cycles in a 13 to 16 m deep back-barrier intertidal flat system of the East Frisian Wadden Sea, Germany, in January, April, July and November 2005. Pronounced tidal patterns of microbial parameters were found with distinct differences around the CVM and at slack water. Tidal patterns varied seasonally with higher BP rates and bacterial generation times of 1 to 2 d in April and July. There was a trend of enhanced rates of BP from surface to bottom in April and July with an increasing significance of PA bacteria towards the bottom. Very high depth-integrated daily rates of BP and oxygen undersaturation suggest that this system is net-heterotrophic. A normalization procedure revealed systematic tidal patterns of most parameters irrespective of the seasonal situation. Our findings thus demonstrate the presence of tidal patterns of parameters reflecting microbial processes and thus complement previous findings of tidal patterns of SPM-associated properties. The tidally varying microbial activities indicate that the rhythmic tidal currents promote organic matter decomposition by heterotrophic bacteria in intertidal flat systems.
INTRODUCTION
Intertidal mud and sand flat ecosystems at the transition zone between land and coastal seas are strongly affected by inputs of inorganic nutrients and organic matter both from terrestrial as well as marine origin. These inputs result in high productivity and turnover of organic matter, making these intertidal areas one of the most productive marine ecosystems (Alongi 1998) . Phytoplankton primary production is strongly light-limited and benthic primary production contributes up to 50% of total primary production (Soetaert & Herman 1995 , Underwood & Kromkamp 1999 , Tillmann et al. 2000 , Wolfstein et al. 2000 . Because of the additional allochthonous input of organic matter, intertidal mud and sand flat ecosystems are usually net-heterotrophic and act as a sink for organic matter (Cadée 1980 , Postma 1981 . They are, together with estuaries and mangrove ecosystems in the tropics and subtropics, of prime importance in organic matter processing in the coastal zone (Alongi 1998) .
Tidal currents cause intense sedimentation and resuspension of particulates, resulting in permanently turbid water masses with high loads of suspended particulate matter (SPM). The SPM is dominated largely by inorganic constituents, despite the high input of organic matter, and is composed mostly of microaggregates < 500 µm, which undergo pronounced changes and restructuring during current velocity changes (Eisma & Li 1993 , Chen et al. 1994 , Lunau et al. 2006 ). In a back-barrier intertidal flat system of the German Wadden Sea, Lunau et al. (2006) identified regular tidal patterns of SPM and microaggregate abundance, particulate organic carbon (POC) and chlorophyll a (chl a) with distinct maxima shortly after the current velocity maximum (CVM) and minima at slack water. In contrast, free-living bacteria and concentrations of dissolved organic carbon (DOC) exhibited maxima around low tide and minima at high tide. Strong vertical gradients of SPM and chl a often exist in such systems with enhanced concentrations in the near-bottom layer (Poremba et al. 1999 ).
Heterotrophic microbial processes are of prime importance in intertidal flat ecosystems. However, the role of heterotrophic bacteria in the turnover of organic matter in these systems and how tidal dynamics affect their growth and substrate turnover has been studied surprisingly little. Admiraal et al. (1985) and van Duyl & Kop (1988) assessed seasonal dynamics of bacterioplankton biomass production in the Ems-Dollard estuary and the western part of the Dutch Wadden Sea, respectively, but only at high tide. Poremba et al. (1999) investigated tidal patterns of bacterial abundance and biomass production in the North Frisian Wadden Sea and found some covariations with tidal currents and SPM concentrations along with differences in the surface and bottom layer. Grossart et al. (2004) assessed bacterial growth and substrate dynamics over a tidal cycle in the German Wadden Sea but did not find systematic patterns. Except for the study by Poremba et al. (1999) , the other studies are based on surface samples and do not take into account that the dynamic resuspension and the light conditions lead to an uneven distribution of SPM and the phytoplankton (chl a) in the water column of the tidal channels. Because of the regular tidal patterns of SPM, microaggregates and chl a in intertidal flat systems (Lunau et al. 2006) , we hypothesize that such patterns are also present for the abundance, growth, biomass production and substrate turnover of free-living (FL) and particle-associated (PA) bacterial communities.
The aim of this study was to investigate the abundance and biomass production of heterotrophic FL and PA bacteria and the turnover of dissolved free amino acids (DFAA) during tidal cycles in spring, summer, fall and winter in an intertidal ecosystem, the German Wadden Sea. We focused on identifying tidal and vertical patterns of these parameters in the water column of this shallow ecosystem. The Wadden Sea, the coastal region of the North Sea between Den Helder (Netherlands) and Skallingen (Denmark), is the world's largest intertidal flat ecosystem and of general importance for land -sea interactions of the North Sea. In 2009 it was designated a UNESCO-world natural heritage site. The intertidal flat system of the back-barrier area of Spiekeroog Island in the East Frisian Wadden Sea has been the focus of intense studies of hydrographic and biogeochemical processes during the recent past (e.g. Grossart et al. 2004 , Lunau et al. 2006 , Dellwig et al. 2007 , Reuter et al. 2009 , Rullkötter 2009 , Stanev et al. 2009 ), which made this system well-suited for the present study.
MATERIALS AND METHODS
Study site and sampling. The study was carried out in 2005 at the inlet of the main tidal channel of the intertidal flat back-barrier system of Spiekeroog Island in the East Frisian Wadden Sea (Otzumer Balje, Stn OB9; 53°44.9' N, 07°40.0' E; Fig. 1 ). Samples were collected during tidal cycles between 11 and 12 January, 26 and 27 April, 19 and 20 July, and 16 and 17 November from the surface, mid-depth (6 to 7 m) and 1 m above the channel bed aboard RV 'Senckenberg'. A total of 7 samples were taken between 2 slack water situations, thus subdividing this period into 6 equal time slots. The water depth varied from 13 to 16 m, depending on the season and tide. The mean tidal range was 2.6 m. The studies were conducted at (January) and 1 d before (April) spring tide, 3 d after neap tide (July) and 3 d after spring tide (November), as reflected by the days to new moon (Table 1) .
Samples were collected by bucket at the surface and by 2.5 l Niskin bottles mounted on a rosette sampler at mid-depth and 1 m above the channel bed. Temperature, salinity and oxygen were determined by a SeaBird SBE 19plus CTD equipped with an SBE 43 oxygen sensor. Subsamples for all analyses were immediately withdrawn and further processed as described below. Sampling always started and ended at high tide. The exact sampling time was derived from a hydrographic model for the German Bight and the adjacent Wadden Sea (Bundesamt für Seeschiffahrt und Hydrographie, Hamburg, Germany) and water-level recordings from a time-series station located directly at Stn OB9 (Reuter et al. 2009, http://las.physik.uni-oldenburg.de/ wattstation/) . At this station, meteorological, hydro-graphic (salinity, temperature, current velocity and direction) and inorganic nutrient (phosphate, nitrate, silicate and dissolved oxygen) data are being continuously recorded (Reuter et al. 2009 ).
Suspended particulate matter. Subsamples were filtered onto precombusted (2 h, 450°C) and preweighed GF/F filters (Whatman). Filters were rinsed with distilled water to remove salt and kept frozen at -20°C until gravimetric analysis as described in Lunau et al. (2006) .
Chlorophyll a and phaeopigments. Subsamples of 0.5 to 1.0 l were filtered onto GF/F filters (Whatman), immediately wrapped into aluminium foil and kept frozen at -20°C until further analysis in the shaded laboratory within 2 wk. Filters were mechanically chopped and extracted in hot ethanol (75°C) for 1 h in the dark. Concentrations of chl a and phaeopigments were determined spectrophotometrically and calculated according to Nusch (1999) .
Dissolved free amino acids. Concentration of DFAA was analyzed by high performance liquid chromatography (HPLC) after ortho-phthaldialdehyde precolumn derivatization as described in Lunau et al. (2006) . Subsamples for DFAA analysis were filtered on shipboard by hand as gently as possible with 5 ml glass syringes, pre-rinsed with ultra-clean water, through 0.2 µm low protein binding filters (Tuffrin Acrodisc, Whatman) and kept frozen at -20°C until analysis.
Bacterial cell numbers. Numbers of FL and PA bacteria were determined in glutardialdehyde-fixed (2% final concentration) samples, stored at -80°C until analysis, by epifluorescence microscopy after SYBR Green I (Invitrogen) staining as described in detail by Lunau et al. (2005) . Briefly, for enumeration of FL bacteria, subsamples were centrifuged (relative centrifugal force: 190 g) to separate bacteria from other particulates. The supernatant was filtered through a black 0.2 µm polycarbonate filter (Poretrics), stained with a SYBR Green I-moviol solution directly on a glass slide and enumerated thereafter. To determine total bacterial numbers, PA bacteria were detached from the particles by treatment with methanol and sonication and further processed in the same way as samples for FL bacteria (Lunau et al. 2005) . Numbers of PA bacteria were calculated as the difference of total bacteria minus FL bacteria.
Bacterial biomass production. Rates of BP were determined by the incorporation of 14 C-leucine (Simon & Azam 1989) . Triplicate 5 ml subsamples and a formalin-killed control were incubated with 14 C-leucine (10.8 GBq mmol -1 , Hartmann Analytic, Germany) at a final concentration of 70 nM in the dark at in situ temperature for 1 h on a plankton wheel to avoid sedimentation. Subsamples were fixed with formalin (2% final concentration), filtered onto 0.2 µm cellulose nitrate filters (Sartorius) and further processed as described by Lunau et al. (2006) . Bio- mass production was calculated according to Simon & Azam (1989) , assuming a 2-fold intracellular isotope dilution and applying a conversion factor of 3.15 kg protein per mol leucine. The bulk generation time of the bacterial community was calculated as the ratio of bacterial biomass to BP per day. Bacterial biomass was calculated from bacterial cell numbers assuming 20 fg C cell -1 (Lee & Fuhrman 1987) . Turnover and incorporation rates of DFAA. Turnover rate constants of DFAA were determined by measuring the incorporation of a mixture of 16 3 H-DFAA (mean specific activity 1.97 GBq milliatom C, TRK440, Amersham) by heterotrophic bacteria. H-DFAA were added to triplicate 5 ml subsamples and a Formalinkilled control at a final concentration of 0.1 nmol l -1 of total DFAA. Incubations were further processed as for BP. Turnover rate constants of DFAA were calculated as the ratio of the radioactivity incorporated per hour to the radioactivity added. Incorporation rates of DFAA were determined by multiplying the DFAA turnover rate constant with measured DFAA concentrations (see above) and assuming 50 g C per mol amino acid (Simon 1998) . The CV of the triplicate measurements was usually <15%.
Normalized data. In order to detect recurrent tidal patterns irrespective of seasonal variations, we normalized the data according to the empirical model of Lunau et al. (2006) . Therefore, values of a given parameter at each depth of one tidal cycle were calculated as the percentage of its tidal mean, and means of these numbers were calculated for the data set of the tidal cycles in 2005 for all 3 depths.
Correlation analysis.
A correlation analysis of the parameters assessed was performed using the Pearson Product-Moment Correlation tool of the SigmaStat Software (Version 2.0.3, Systat Software).
RESULTS
Pronounced differences of sea surface temperature, salinity (Table 1) , SPM, chl a and phaeopigments (Table 2 ) reflected the various seasons in which the tidal cycles were studied. Mean temperatures of the tidal cycles ranged between ~7°C in January and 19°C in July, and salinities between 29.31 and 32.60 in November and April, respectively. The water column was never stratified. Temperature and salinity variations during the tidal cycles were minor except in January for salinity. The water column was undersaturated with oxygen in the tidal cycles in January, July, and November. During the tidal cycle in January, saturation ranged between 86 and 89% and during those in July and November from 91 to 99% and 88 to 97%, respectively (Fig. 2) . The water column was only oxygen-supersaturated, from 101 to 108%, during the day in April. However, during the late night and early morning between outgoing and incoming mean tide, oxygen saturation was only 95 to 97% (data not shown). SPM and phaeopigments exhibited highest tidal means in January and November while chl a and rates of BP peaked in April and July. Numbers of FL and PA bacteria were lower in January and April relative to July and November Table 2 . Means, minima and maxima of suspended particulate matter (SPM), chlorophyll a (chl a) and phaeopigments (concentration and % of total chlorophyll) in the surface, mid-depth, and bottom layer of the tidal cycles assessed in January, April, July and November 2005 at the inlet of the main tidal channel of the Spiekeroog intertidal flat system (Table 3 , Fig. 3 ). In contrast, DFAA concentrations were higher in January and April than in July and November. DFAA turnover rate constants were lower in November than during the previous tidal cycles (Fig. 3) . DFAA turnover rate constants varied with tide and were highest in January, then decreased in the other sampled months. DFAA incorporation rates were highest in January and April. During the tidal cycle in January, SPM ( Table 2 , tidal patterns of SPM not shown), chl a and DFAA turnover rate constants peaked around outgoing mean tide and 1 h before incoming mean tide and exhibited distinct minima 1 h after slack water and in particular at low tide (Fig. 3) . Numbers of PA bacteria and rates of BP were also enhanced around mean tide but not as much as the former parameters. Concentrations of chl a and rates of BP and DFAA turnover at the surface were lower than at mid-depth and bottom from low tide to incoming mean tide. DFAA concentrations fluctuated largely but did not covary with the tidal current patterns. These tidal covariations were Table 3 . Means, minima and maxima of numbers of free-living (FL) and particle associated (PA) bacteria, bacterial biomass production (BP), turnover rate constants of dissolved free amino acids (DFAA turnover rate), DFAA concentrations (DFAA conc) and incorporation rates of DFAA (DFAA incorp) at the surface, mid-depth and bottom layer of the tidal cycles assessed in January, April, (Table 4) . Most correlations existed for mid-depth. Numbers of FL bacteria changed little over the tidal cycle or vertically in the water column; distinct minima of FL bacteria abundance occurred only at outgoing tide at the bottom and at incoming tide at the surface (Fig. 3) . At the surface, numbers of total bacteria were correlated to those of FL bacteria, but at mid-depth and the bottom they were correlated to those of PA bacteria (Table 4) . Percent phaeopigments of total chlorophyll also changed little over the tidal cycle and vertically except 2 h after low tide at the surface and the bottom (Fig. 3) . During the spring bloom in April, chl a exhibited minima at low tide and enhanced concentrations around mean tide, in particular at the bottom (Fig. 3) , due to rapid aggregation and sedimentation of suspended organic matter (Lemke et al. 2009 ). SPM and phaeopigment concentrations covaried with chl a, most closely at mid-depth and the bottom, as indicated by significant positive correlations (Table 4) . Phaeopigments comprised the lowest percentage of total chlorophyll in April (Table 2, Fig. 3 ). The percentage remained approximately constant during the tidal cycle, but a distinct minimum occurred 1 h after low tide. In contrast to chl a, numbers of FL bacteria were enhanced from 1 h after outgoing mean tide to 1 h after low tide, in particular at the surface and mid-depth (Fig. 3) . This inverse covariation was substantiated by the negative correlation between FL 211 Fig. 3 . Tidal patterns of chlorophyll a, phaeopigments, freeliving (FL) and particle-associated (PA) bacteria, bacterial biomass production (BP), turnover rate and concentration of dissolved free amino acids (DFAA) on 11-12 January, 26-27 April, 19-20 July, and 16-17 November 2005 at the surface, mid-depth and bottom at the inlet of the main channel of the intertidal flat system of Spiekeroog Island, German Wadden Sea. Note the breaks of the y-axes in the BP panels of January, April and November but not of July; HT: high tide;
LT Table 4 . Correlation analysis of free-living (FL), particle-associated (PA) and total bacteria, suspended particulate matter (SPM), chlorophyll a (chl a), phaeopigment concentration (Phaeo) and % of total chlorophyll (Phaeo % chl), dissolved free amino acids concentration (DFAA), DFAA turnover rate (DFAA-Tr), and bacterial biomass production (BP) in the surface, mid-depth, and bottom water layer at the inlet of the Spiekeroog intertidal flat system during the tidal cycles on 11-12 January (above the diagonals) and on 26-27 April 2005 (below the diagonals). Given are significant correlation coefficients of a Pearson Product-Moment analysis (p < 0.05). ns: not significant bacteria abundance and concentrations of chl a and phaeopigments (Table 4) . Numbers of PA bacteria showed some tidal variations, but without clear tidal patterns (Fig. 3) , and were correlated to total bacterial numbers (Table 4) . DFAA concentrations fluctuated greatly but not in relation to the tidal currents and without clear vertical patterns. Rates of BP were mainly enhanced from outgoing to incoming mean tide but values at the 3 depths did not covary. DFAA turnover rate constants increased shortly after high tide at the surface and bottom and decreased at incoming mean tide at the surface and mid-depth. At these depths, rates of BP and DFAA turnover were correlated to numbers of FL bacteria. In contrast, the DFAA turnover rate constant at the bottom was correlated to numbers of PA and total bacteria while BP was correlated to chl a (Table 4 ). These correlations indicate that from the surface to mid-depth, FL bacteria were mainly mediating the organic matter turnover, whereas towards the bottom, this was true for PA bacteria.
The tidal cycle in July was characterized by the highest concentrations of chl a and the highest rates of BP, in particular at the bottom (Table 3, Fig. 3) . Chl a concentrations, percent phaeopigments and numbers of PA bacteria exhibited distinct minima at low and high tide. Numbers of FL bacteria and rates of BP were also low at high tide but reached maxima from 2 h before to 2 h after low tide. During this period, numbers of FL bacteria were much higher at the surface and mid-depth than at the bottom, whereas rates of BP continuously increased from surface to bottom (Fig. 3) . DFAA concentrations were much lower than in January and April, and exhibited only minor tidal fluctuations. Parameters characterizing the particulate phase and numbers of FL, PA and total bacteria exhibited significant positive correlations between each other throughout the water column in July (Table 5) . At the bottom, however, FL bacteria were only correlated to total bacteria and percent phaeopigments. At the surface, rates of BP were correlated to the parameters characterizing the particulate phase and PA bacteria, Table 4 but at mid-depth, correlations only occurred with total bacteria and SPM; at the bottom, such correlations did not exist. The turnover rate constant of DFAA exhibited tidal variations but no clear tidal patterns and no covariations to other parameters were observed. Only at the bottom was the DFAA turnover rate constant correlated to BP, and this correlation was inversed (Table 5 ).
In November, chl a, rates of BP and DFAA turnover exhibited much lower values than in July, whereas numbers of FL and PA bacteria remained high, and concentrations of phaeopigments were even higher than in July (Tables 2 & 3, Fig. 3 ). Tidal variations were lower than in April and July. However, chl a concentrations, percent phaeopigments, numbers of PA bacteria and DFAA turnover rate constants exhibited consistent minima around low tide, whereas rates of BP were enhanced. DFAA concentrations fluctuated little and remained below 200 nM except 1 h before low tide when peaks occurred at the surface and mid-depth, simultaneously with minima of DFAA turnover rate constants (Fig. 3) . Fewer covariations existed between parameters of the particulate phase and bacteria and none between bacterial numbers and BP rates and parameters characterizing the particulate phase (Table 5) .
Mean bacterial generation times at the 3 depths ranged from 3.8 to 4.9 d in January, from 1.7 to 2.0 d in April, from 0.8 to 1.1 d in July, and from 6.1 to 7.5 d in November. Daily BP was calculated by integrating the hourly values at single tidal situations and depths over the water column and over the tidal cycle, assuming 1.92 tidal cycles per day, and yielded 136.2 mg C m Tidal means of DFAA incorporation rates in January and April ranged from 1.8 to 3.37 µg C l -1 h -1 , accounting for 572% to 936% of BP and thus greatly exceeded rates of BP (Table 3 ). In July and November, tidal means of DFAA incorporation varied from 0.34 to 0.90 µg C l -1 h -1
, accounting for 36 to 51% and 100 to 203% of BP, respectively.
In order to identify and elucidate general tidal patterns of the parameters assessed during the 4 tidal cycles, we applied the empirical model of Lunau et al. (2006) to normalize the data on the basis of their tidal means and deviations in the course of the tide. This normalization revealed maxima, i.e. enhanced values relative to the tidal mean, of SPM, chl a, phaeopigments, PA bacteria and DFAA turnover rate constants around mean tide and at high current velocities at all 3 depths, and reduced values shortly after low tide and at high tide (Fig. 4) . Maxima and minima were most pronounced for SPM and PA bacteria. These covariations were substantiated by significant positive correlations of several parameters at all 3 depths (Table 6) . A significant correlation to the current velocity, however, existed only for chl a (surface: r = 0.64; mid-depth: r = 0.56; bottom: r = 0.60; p < 0.05) and the DFAA turnover rate constant at the surface (r = 0.75; p < 0.05). In contrast to these distinct patterns, numbers of FL bacteria remained nearly constant during the tidal cycle. Dynamics were most pronounced at the bottom with reductions down to 80% of the tidal mean around mean tide. Rates of BP exhibited unique tidal patterns with a distinct maximum from 1 h after outgoing to 1 h before incoming tide. Interestingly, numbers of FL bacteria at the surface were significantly correlated to numbers of PA and total bacteria, percent phaeopigments and rates of BP (Table 6 ). At mid-depth, however, numbers of FL bacteria were only correlated to rates of BP, and at the bottom, no correlation to other parameters existed. Both at the bottom and at mid-depth, rates of BP were correlated to phaeopigments. DFAA concentrations exhibited tidal fluctuations that were independent of the water current patterns.
DISCUSSION
Relatively little is known about tidal patterns of microbial organic matter processing and BP, despite detailed information on tidal patterns of SPM. Among the few investigations which measured BP in intertidal flat ecosystems, only Poremba et al. (1999) and Grossart et al. (2004) examined BP in the course of tidal cycles. The bacterial turnover of amino acids, one of the most important substrates for BP (Berman & Bronk 2003) , has not yet been studied in intertidal flat ecosystems.
Our results show pronounced tidal patterns and seasonal and vertical differences of all parameters characterizing the bacterial organic matter turnover as a response to those of SPM-associated parameters. Phytoplankton biomass and bacterial numbers, production and DFAA turnover were higher in April and July than in January and November. In particular in April and July, pronounced vertical differences existed with an increasing intensity of bacterial decomposition processes towards the bottom. This was evident from the BP data as a bacterial response to enhanced concentrations of chl a and phaeopigments near the bottom. Bacterial organic matter turnover towards the bottom was increasingly associated with the particulate phase, as reflected by higher numbers of PA bacteria, while numbers of FL bacteria simultaneously decreased.
The existence of tidal patterns of SPM, POC, suspended aggregates, chl a, phaeopigments, BP, and bacterial numbers has been shown in several studies in the Wadden Sea, the largest intertidal flat ecosystem globally (e.g. van Leussen 1996 , Poremba et al. 1999 , Grossart et al. 2004 , Lunau et al. 2006 ). These tidal patterns are driven by the current field and resuspension and vary seasonally and according to the ambient hydrodynamic conditions. Regular tidal patterns of SPM-associated parameters, total bacterial numbers and DOC, on the basis of normalized tidal patterns and irrespective of the seasonal tidal variabilities, have been identified by Lunau et al. (2006) . The results of the present study extend these findings by showing that these patterns exist in the entire water column of a tidal channel, with only slight vertical differences. In addition, our results demonstrate that numbers of PA bacteria, rates of BP and DFAA turnover also exhibit regular tidal patterns. Normalized tidal patterns of numbers of PA bacteria and DFAA turnover rate constants correlated closely with SPM, phaeopigments and chl a. In contrast, normalized tidal patterns of BP rates at the surface correlated to numbers of FL and total bacteria, and at mid-depth to FL bacteria and phaeopigments. The latter are a proxy of senescent algae (Lucas & Holligan 1999) and thus of readily decomposable particulate organic matter (POM, Table 6 ). Rates of BP at the bottom also correlated to phaeopigments. Our results further show that tidal minima of SPMassociated parameters occurred around low and high tide, indicating settling of particulates at low current velocities, and maxima occurred around mean tide, as a result of resuspension. These maxima were more pronounced at mid-depth and the bottom than at the surface and/or shifted 1 h further towards low tide; thus lagging behind the current velocity maximum and peaking at the surface at outgoing tide due to a more rapid clearing of settling material near the surface. At incoming tide, maxima of SPM-associated parameters occurred earlier at mid-depth and the bottom than at the surface because of increasing concentrations of 
DFAA turnover rate constant and (L) bacterial biomass production (BP) at the surface, mid-depth and bottom at the inlet of the main channel of the intertidal flat system of Spiekeroog Island, German Wadden Sea. Black and white bars on top indicate night and day periods, respectively. Data of the tidal cycle were normalized as percent of their tidal mean according to Lunau et al. (2006) . HT: high tide; MT: mean tide; LT: low tide resuspended particulates from the bottom to the surface. Therefore, it is not surprising that these asymmetrical tidal patterns of most SPM-associated and microbial parameters did not correlate with current velocity. Similar observations have been reported by Poremba et al. (1999) and Lunau et al. (2006) . Interestingly, the tidal patterns of BP were different from those of the SPM-associated parameters, because BP includes the activity of both FL and PA bacteria, which exhibited different tidal patterns. Unfortunately, we were unable to determine BP (and neither DFAA turnover rate constants) of PA bacteria because of a very high background of radioactivity on the 5 µm filters used for collecting the PA bacteria in the SPM-rich samples. PA bacteria constituted 30 to 40% of total bacterial numbers (Table 3) but presumably a higher percentage of BP because of the usually higher activity per cell of PA bacteria relative to FL bacteria (e.g. Grossart et al. 2007 ). Therefore, we assume that PA bacteria contributed higher proportions to BP around mean tide and FL bacteria higher proportions around low tide, thus yielding the enhanced rates of BP observed from outgoing to incoming mean tides.
In contrast to BP, DFAA turnover rate constants exhibited maxima at mean tide, indicating that amino acid turnover was related to current velocity and tidal patterns of POM and PA bacteria. It has been shown that PA bacteria exhibit enhanced rates of ectoproteolytic activities and release dissolved amino acids by solubilizing particulate combined amino acids (PCAA, Smith et al. 1992 , Simon et al. 2002 . We assume that higher current velocities around mean tide lead to resuspension and thus enhanced values of POM and PA bacteria in the water column. They also enhance the turnover of DFAA by PA bacteria, presumably due to bacterial proteolysis of PCAA (Smith et al. 1992) . In fact, absolute DFAA turnover rate constants were very high, often > 0.1 h -1 and up to 0.38 h -1 (Table 3) , equivalent to turnover times of ~3 to 10 h. The high DFAA concentrations, i.e. > 300 nM, sometimes almost similar to concentrations of dissolved Table 6 . Correlation analysis of the normalized parameters at the surface, mid-depth and bottom water layers at the inlet of the Spiekeroog intertidal flat system. Given are significant correlation coefficients of a Pearson Product-Moment analysis (p < 0.05). ns: not significant; further definitions as in Table 4 combined amino acids, also indicate high solubilization rates of polymeric, i.e. particulate and dissolved amino acids, and thus high release rates of DFAA. Physico-chemical desorption and release from resuspended sediments presumably was another source of DFAA and dissolved combined amino acids. It has been shown experimentally that dissolved amino acids are rapidly released from resuspended estuarine sediments (Tappin et al. 2007) . DFAA concentrations in the same range found in the present study have also been reported in other studies in the Wadden Sea and estuarine systems with high loads of SPM and high bacterial activities (Coffin 1989 , Grossart et al. 2004 , Lunau et al. 2006 . The high DFAA concentrations may indicate an uncoupled desorption and release of sediment-associated amino acids and hydrolysis of polymeric amino acids from bacterial uptake of DFAA because of saturated uptake systems. In fact, DFAA incorporation rates, calculated on the basis of turnover rate constants and DFAA concentrations, greatly exceeded BP rates in January, April and November (Table 3) . Only in July at DFAA concentrations of < 0.3 µM and tidal means of < 0.11 µM were DFAA incorporation rates always below BP rates.
Assuming that uptake systems of the most abundant single amino acids (glutamate, glycine, serine and alanine; together constituting about 80 mol% of DFAA) were saturated at concentrations of only 10 to 15% of the high concentrations found in January and April, and at 30 to 50% of the values in November, DFAA incorporation rates would decline to values equivalent to BP rates. Despite these ambiguities with DFAA incorporation rates, the rapid DFAA turnover rate constants and the high DFAA concentrations indicate that amino acids were turned over rapidly and are an important substrate for growth of heterotrophic bacteria in the Wadden Sea. In addition to the intense amino acid turnover fuelling growth of heterotrophic bacteria, the high bacterial metabolic activity and decomposition of organic matter during the growing season in April and July was also evident from the short bulk generation time of 1 to 2 d. Despite these short bulk generation times and the pronounced variations of PA bacterial numbers during the tidal cycles, the composition of the community of PA and FL bacteria remained very stable during the tidal cycles (Rink et al. 2008 ). This suggests that general growth and substrate conditions remained unchanged during a tidal cycle and/or were not reflected on the level of the bacterial community composition assessed. Changes in the bacterial community composition did occur, but on longer time scales than days, in response to the development of phytoplankton blooms and their changing supply of dissolved organic matter to heterotrophic bacteria (Rink et al. 2007 ).
The rates of BP of 0.5 to > 2 µg C l -1 h -1 we found are very high, translating into 211 and 785 mg C m -2 d -1 in April and July, respectively, and explain the short generation times. These BP rates are, however, in the same range as values reported from the North Frisian Wadden Sea (Poremba et al. 1999 ) and higher than those from the southern North Sea (Reinthaler & Herndl 2005 ) and oceanic systems (Kirchman et al. 2009 ). They emphasize the high productivity of intertidal flat systems which have been reported to be heterotrophic (Cadée 1980 , Postma 1981 . In order to examine whether this is also true for the Spiekeroog intertidal flat system, comparative primary production data are needed. Unfortunately, primary production data are not available for the East Frisian Wadden Sea. However, these values are likely in the same range as primary production in the North Frisian Wadden Sea (~200 to 1000 mg C m -2 d -1
; Poremba et al. 1999) , an intertidal flat system with BP values similar to those found in the present study. To estimate total bacterial consumption of organic matter in addition to rates of BP, the bacterial growth efficiency (BGE) needs to be considered. We did not determine BGE but assume values of 15 and 30%, which are the lower and upper limit for the southern North Sea from April to October (Reinthaler & Herndl 2005) . Hence, daily rates of BP translate into rates of total bacterial consumption of organic matter of between 703 and 1403 mg C m -2 d -1 in April and between 2616 and 5232 mg C m -2 d -1 in July, respectively. These values are much higher than the daily primary production rates mentioned above and are considered representative of the East Frisian Wadden Sea. Also, the fact that oxygen was supersaturated only during the daytime of the tidal cycle in April but remained undersaturated during the night and the other tidal cycles clearly indicates that bacterial consumption of organic matter exceeded primary production. These notions strongly suggest that the East Frisian Wadden Sea is also a net-heterotrophic system, which is consistent with early reports of intertidal flat systems acting as a sink for organic matter (Cadée 1980 , Postma 1981 and as a source of CO 2 for the atmosphere (Thomas et al. 2007 ).
CONCLUSIONS
Our study has shown that the abundance of FL and PA bacteria, DFAA turnover and BP exhibit pronounced tidal variations, seasonally and vertically, with an increasing significance of PA bacteria towards the bottom in the growing season. These variations are modulations of general tidal patterns of these parameters, which become evident from normalized tidal pat-terns. Our results complement previous findings of regular tidal patterns of SPM-associated properties. The data on oxygen saturation, bacterioplankton growth, BP and DFAA turnover further showed that bacterial growth and consumption of organic matter in the Spiekeroog intertidal flat system are very intense and suggest that this system is net-heterotrophic. The tidally varying microbial activities with maxima around mean tide indicate that the rhythmic tidal currents support these activities and favour the decomposition of organic matter by heterotrophic bacteria in the water column of intertidal flat systems. 
